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SUMMARY 

The r e s u l t s  of bending v ibra t ion  t e s t s  on a l /? -sca le  model of t he  Saturn 
SA-1 launch vehicle a r e  presented. 
sca l ing  technique, a l l  important s t ruc tu ra l ,  e l a s t i c ,  and dynamic f ea tu res  of 
the  f u l l - s c a l e  vehicle being duplicated t o  l/fs sca le .  For t he  t e s t s  reported 
herein, f ree- f ree  boundary conditions were simulated by using a two-cable sus- 
pension system. 

The model w a s  designed by using t h e  r e p l i c a  

The v ibra t ion  modes, frequencies, and damping were determined a t  f i v e  weight 
conditions corresponding t o  d i f f e r e n t  po in ts  i n  t h e  launch t r a j e c t o r y .  These 
conditions were 100, 75, 48, 25, and 0 percent of t he  booster propellant load  a t  
l i f t - o f f .  The r e s u l t s  presented show the  unusual frequency spectrum and mode 
shapes of t he  Saturn vehicle which r e s u l t  from i t s  c lus te red  configuration. I n  
addi t ion  t o  the  usual bending modes, c l u s t e r  modes were found i n  which the  var- 
ious tanks within the  booster c l u s t e r  had motion r e l a t i v e  t o  each o ther .  

INTRODUCTION 

For a space launch vehicle t o  accomplish i t s  mission successfully,  t he  vehi- 
c l e  must maintain i t s  s t r u c t u r a l  i n t e g r i t y  and be cont ro l lab le .  Proper design of 
the  s t ruc tu re  and cont ro l  system requi res  a knowledge of t h e  v ibra t ion  character- 
i s t i c s  of t he  vehicle because of t he  p o s s i b i l i t y  t h a t  v ibra t ions  can cause c r i t -  
i c a l  s t r e s s e s  i n  t h e  s t ruc tu re  or i n s t a b i l i t i e s  i n  the  con t ro l  system. One of 
the  usual methods of determining the  v ibra t ion  c h a r a c t e r i s t i c s  i s  t o  conduct an 
experimental ground v ibra t ion  survey of a f u l l - s c a l e  vehicle.  I n  t h e  f i e l d  of 
l i qu id - fue l  rocket vehicles the  required ground v ibra t ion  surveys have increased 
i n  cos t  and d i f f i c u l t y  simply because of the  increasing s i z e  and r e s u l t i n g  s t ruc -  
tural  complexity of t h e  veh ic l e s .  
more complex vehicles.  

The present t r end  i s  toward l a r g e r  and s t i l l  

I n  order t o  obtain the  des i red  v ibra t ion  c h a r a c t e r i s t i c s  with l e s s  cos t  and 
e f f o r t  than a r e  required f o r  a fu l l - sca l e  ground v ibra t ion  survey, it i s  na tu ra l  

I t o  consider t he  use of a reduced-scale dynamic model. The success of dynamic 
I models i n  providing valuable information i n  such f i e l d s  as a i r c r a f t  s t a b i l i t y  and 



aeroelasticity leads to the expectation that, with sufficient development, scaled 
dynamic models will also make significant contributions to the field of launch- 
vehicle dynamics. 1 

In order to provide data to help establish the feasibility of using models 
to obtain vibration data, as well as to study the vibration characteristics of 
a clustered-tank configuration, a l/5-scale dynamic replica model of the Saturn 
SA-1 vehicle has been constructed and its vibration characteristics investigated 
at the Langley Research Center. This model was designed and constructed to dupli- 
cate as nearly as possible all important structural features of the full-scale 
vehicle. Detailed results of the investigation of the vibration characteristics 
of the l/?-scale Saturn model in a simulated free-free condition are presented 
herein, together with a complete description of the model. Some of these results 
are presented in preliminary form in references 1 and 2, and comparisons of these 
preliminary data with preliminary results of a similar investigation of a full- 
scale vehicle, conducted at Marshall Space Flight Center, are presented in reC- 
erence 3. On the basis of the preliminary data it is concluded in reference 3 
that studies of structural replica models are very useful in defining the vibra- 
tion characteristics of large launch vehicles. Future comparisons of the detai,e:: 

allow more detailed conclusions to be drawn. 
I model results presented herein with final results of the full-scale tests w i l l  

SYMBOLS 
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I m 

n 

Young's modulus, lb/sq in. 

frequency, cps 

acceleration of gravity 

damping factor 

area moment of inertia, in. 4 

2 mass moment of inertia, lb-in-sec 

length, in. 

mass, lb-sec2/in. 

number of cycles used in determining damping 

initial vibration amplitude 

vibration amplitude after n cycles 

Poisson's ratio 

mass density, lb-~ec*/in.~ 
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Subscripts: 

F full scale 

M model 

~/~-SCAZE SATURN MODEL 

Scaling 

The 1/5-scale model of the Saturn SA-1 launch vehicle was constructed for 
the purpose of investigating vibration characteristics; therefore, the important 
parameters to be considered in scaling were the mass and stiffness magnitudes and 
distributions. The type of scaling chosen was a component-by-component uniform 
reduction of dimensions to one-fifth of the full-scale values. This type of 
scaling was chosen because of the structural complexity of the Saturn launch 
vehicle with the resulting difficulty of determining accurate equivalent stiff- 
ness and mass properties for the many multiple beam trusswork assemblies incor- 
porated in the vehicle. Scaling of linear dimensions determined the scale fac- 
tor of l/5 from practical considerations of the minimum material thickness 
required for satisfactory fabrication. Accurate scaling of the stiffness dis- 
tribution was insured by scaled reproduction of all important structural members, 
particularly the fittings joining the components together, and by using on the 
model the same materials as used on the full-scale vehicle. An accurate mass 
distribution was obtained by substituting lead ballast weights for the nonstruc- 
tural components such as aerodynamic fairings and fuel piping which were omitted 
from the model. 

From these considerations the following scale factors were determined: 

Selected values: 

Ty-pical lengths 

Material properties 

Computed values: 

Mass 
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Mass moment of i n e r t i a  

Cross-section moment of i n e r t i a  

Bending frequency 

Sloshing frequency 

She l l  frequency 

where the  subscr ipts  F and M ind ica te  f u l l - s c a l e  and model values,  
respect ively.  

Since the  bending frequencies sca le  d i r e c t l y  with the  sca le  f ac to r ,  whereas 
I 

the  sloshing frequencies sca le  with t h e  square root of t he  sca le  f ac to r ,  t he  fu l l -  
sca le  bending-sloshing frequency re la t ionship  is  not maintained on the  model. 
Thus, t he  in t e rac t ion  of vehicle  bending with s loshing on t h e  model will not 
represent d i r e c t l y  the  fu l l - s ca l e  s i t u a t i o n .  For a configuration such as Saturn 
where the  first s loshing frequency is smaller than t h e  f i rs t  bending frequency, 
the  reduction t o  model s i z e  separates  t he  frequencies,  thus tending t o  uncouple 
t h e  sloshing from the  bending modes. The s h e l l  frequency re la t ionship  i s  obtained 
from reference 4 and i s  based on an unst i f fened s h e l l  with the  same i n t e r n a l  pres- 
sure i n  both model and fu l l  sca le .  Comparison of the  bending and s h e l l  frequency 
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relationships shows that interaction of local shell vibrations with vehicle 
bending vibrations w i l l  be the same on the model as on the full scale, provided 
that the model construction and internal pressure are the same as the full-scale 
values. 

Description 

A drawing of the 1/5- scale Saturn model showing some pertinent dimensions 
and nomenclature to be used herein is presented in figure 1 and a photograph of 
the model suspended in the vibration testing tower is shown in figure 2. The 
model consists of three stages and a conical payload section; it is 388.6 inches 
(32 feet, 4.5 inches) in over-all length, the booster stage is 53 inches in over- 
all diameter, and the total weight is about 7,400 pounds when ballasted to simu- 
late the lift-off weight condition. 

Measured values of weight (dry and water filled), center- of- gravity location, 
and mass moment of inertia about the center of gravity, for each stage and the 
complete model are given in table I. 
mass of the fuel and lox. Substitution of water for fuel and lox is considered 
to result in only small errors in the results because the densities of fuel and 
lox are not very different from that of water and because the water level was 
adjusted to obtain the proper scaled total model weight. Mass and bending stiff- 
ness distributions were calculated from the known dimensions and material proper- 
ties of the model and are presented in figures 3 to 6. 
the barrel (stations 21 to 49) and the second-stage adapter (stations 174 to 195) 
was scaled from estimates of the stiffness of the full-scale components made at 
the Marshall Space Flight Center. 

Water was used in the model to simulate the 

The bending stiffness of 

First stage.- The principal components of the booster (first) stage of the 
model are a 21-inch-diameter center tank, eight 14-inch-diameter outer tanks 
which surround the center tank, a connecting corrugated barrel and outrigger 
structure at the lower end, and a connecting spider beam at the upper end. 
b a r r e l  and outriggers are shown in figure 7 and a view of the spider beam and 
second-stage adapter area is shown in f igu re  8. The center  tank is firmly 
attached to the barrel at the lower end and to the spider beam and second-stage 
adapter at the upper end, and forms the principal load-carrying structure of the 
booster; this structure is shown in figure 9 dur'ing assembly of the booster. 
outer tanks are attached to this structure by two joints at each end of each tank. 
A sketch of these joints is presented in figure 10 and a photograph of the upper 
joints is presented as figure 11. 
liquid oxygen in the center tank and in the four alternating outer tanks having 
the type of upper joint shown at the left of figure lO(a). Fuel is carried in 
the full-scale Saturn in the other four outer tanks, which have the type of upper 
joint shown at the right of figure lO(a). For convenience, the model outer tanks 
will be called "lox" or "fuel" tanks according to the type of upper joint. The 
fuel-tank upper joints are constructed to allow for contraction of the center and 
four outer lox tanks when filled with the cold liquid oxygen. The type of joint 
used (shown in fig. lO(a)) will not transmit longitudinal load; therefore, the 
fuel tanks sustain no longitudinal load except for internal pressure loads and 
the inertia load of their own structural weight. 
mit longitudinal compressive loads, and therefore the lox tanks sustain, along 

The 

The 

The full-scale Saturn is designed to carry 

The lox-tank joints w i l l  trans- 
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with the  center  tank, some of t he  upper-stage i n e r t i a  loads.  The outer-lox-tank 
j o i n t s  may be adjusted t o  obtain a range of preload compressive forces .  A t  t h e i r  
lower end, a l l  e igh t  ou ter  tanks are at tached t o  the  outr igger  by means of the  
type of j o i n t  shown i n  f igu re  10(b) .  

Upper stages.-  The second s tage  cons is t s  of an outer  s h e l l  which i s  connected 
by.means of e igh t  r a d i a l  t r u s s  assemblies t o  an inner  water b a l l a s t  tank. A 
photograph of the  second s tage  taken from the  a f t  end and showing the  inner  tank, 
the  e ight  r a d i a l  trusses, and the  outer  s h e l l  i s  shown as f igure  12.  The outer  
s h e l l  i s  the  p r inc ipa l  s t r u c t u r a l  member of t he  second stage; it supports t he  
weight of the  ballast tank, which cons t i t u t e s  70 percent of the  second-stage 
weight when water f i l l e d ,  and the  weight of the  t h i r d  s tage.  The t h i r d  s tage 
cons is t s  simply of a water ballast tank which a l s o  supports the  nose-cone weight 
of 14  pounds, which includes the  weight of a simulated payload. 

Simulated engines.- A photograph showing the  simulated engines incorporated 
on the  model i s  presented as f igu re  13. These engines were designed t o  simulate 
only the  center-of-gravity locat ion,  t o t a l  weight, and the  moment of i n e r t i a  about 
the  gimbal point  of t he  fu l l - s ca l e  engines. The mass parameters a re  l i s t e d  i n  the  
following tab le :  

Inboard Outboard 
engines engines 

. . . . . . . . . . . . . . . . . . .  Weight per engine, l b  12.9 13.5 

. . . . . .  . . . . . . .  6 6 
1,097 

Distance from gimbal point  ( s t a t i o n  20) 

Moment of i n e r t i a  about gimbal point, lb - in .  . . . . . . .  1,043 * 5  t o  center  of gravity,  i n .  

Inboard engines are those at tached d i r e c t l y  t o  the  corrugated barrel ;  out- 
board engines are those at tached t o  the  outr iggers .  Figure 13 shows t h a t  a l l  
engines were f ixed a t  t he  gimbal point; no provis ion w a s  made f o r  t he  engines t o  
move with respect  t o  the  gimbal point, and ac tua tors  w e r e  no t  simulated on the  
model. The na tu ra l  frequencies of the  engines were determined and the  r e su l t i ng  
values a re  given i n  t a b l e  11. The engines themselves are r o t a t i o n a l l y  symmetri- 
cal;  the  two frequencies of each engine shown i n  t a b l e  I1 i nd ica t e  t h a t  t he re  i s  
considerable nonsymmetrical f l e x i b i l i t y  i n  t h e  attachment of t he  engines t o  the  
model. 

APPARATUS 

Suspension System 

The two-cable suspension system i l l u s t r a t e d  i n  f igu re  14 w a s  used t o  hold 
the model during t e s t i n g .  This suspension system w a s  developed a t  the  Langley 
Research Center f o r  use i n  v ibra t ion  t e s t i n g .  The model weight i s  supported 
through the  outr iggers  by a support yoke which i s  at tached t o  two v e r t i c a l  cables 
which are at tached t o  a p a i r  of movable r o l l e r s  a t  t h e  top  of  t h e  t e s t  tower. The 
support yoke and t h e  v e r t i c a l  cable can be seen i n  f igu re  7. The dis tance between 
the  r o l l e r s  i s  ad jus tab le  by means o f  turnbuckles loca ted  a t  t h e  base of t h e  t e s t  
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tower. 
f i gu re  2. 
t h e  top of t he  t h i r d  s tage  as i l l u s t r a t e d  i n  figure 14. 
can be var ied  by varying the  dis tance between r o l l e r s .  
booster  i s  emptied, the  cen te r  of grav i ty  of t he  model i s  moved upward toward the  
midsection and the  i n s t a b i l i t y  i s  thereby increased. I n  order t o  compensate f o r  
t h i s ,  t he  d is tance  between the  r o l l e r s  i s  increased; thus,  t he  model i s  s t a b i -  
l i z e d  through the  increased tension of t he  r e s t r a in ing  cables.  

The r o l l e r s  at the  t o p  of t h e  tower on t h e i r  support t r a c k  can be seen i n  
S t a b i l i t y  of t h e  model i s  provided by a r e s t r a in ing  cable located at 

The r e s t r a in ing  force  
A s  an example, when the  

The r e s t r a i n t  of the  two-cable suspension adds t o  the  system a rigid-body 
pendulum mode and a rigid-body rocking mode. 
i s  dependent on the  length of the  v e r t i c a l  cables and va r i e s  very l i t t l e  with the  
distance between the  r o l l e r s ;  however, the rocking frequency can be var ied over a 
wide range by changing the  dis tance between the  r o l l e r s .  Decreasing the  dis tance 
between the  r o l l e r s  decreases the  tension i n  the hor izonta l  r e s t r a in ing  cables  
with a r e su l t an t  decrease i n  the  frequency of t h e  rocking mode. The frequency of 
the rocking mode can theo re t i ca l ly  be reduced t o  zero f o r  s m a l l  motions of the  
model. However, t he  r e s to r ing  force of the  r e s t r a in ing  cables var ies  nonl inear ly  
with the  model def lec t ion  so t h a t  t he  model i s  supported v e r t i c a l l y  even though 
the  rocking frequency i s  zero. 

The frequency of the  pendulum mode 

Shaker System 

Electromagnetic shakers having a capacity of 50 vector  pounds of force were 
used t o  v ibra te  the  model. The shakers were or iented t o  apply the  force normal 
t o  the plane of the  v e r t i c a l  suspension cables.  For most of t he  tests a s ingle  
shaker w a s  used. It w a s  a t tached a t  model s t a t i o n  24 t o  a bracket connected t o  
two outr iggers  as shown i n  f igu re  7. 
used, one a t  s t a t i o n  24 and another a t  s t a t i o n  343, the  junction of the  nose cone 
and the  third-s tage b a l l a s t  tank. 
of phase, depending on the  mode under inves t iga t ion .  

For a few of the t e s t s  two shakers were 

These shakers were operated e i t h e r  i n  or out 

Instrumentation 

Deflection and v ibra t ion  frequency of the  model w e r e  obtained from acceler- 
ometers mounted on brackets  a t tached t o  the  sk in  of t he  model. The loca t ion  of 
these "fixed" accelerometers i s  shown i n  f igu re  15, and a t y p i c a l  accelerometer 
attachment i s  shown i n  f igure  8. 

I n  addi t ion t o  the f ixed  accelerometers, an accelerometer provided with a 
vacuum attachment was used as a portable  pickup t o  survey p a r t s  of the  model not 
covered by the f ixed  pickups. The e n t i r e  model, including the  outer  tanks, w a s  
accessible  with t h i s  setup. The def lec t ion  of the  second-stage outer  s h e l l  was 
measured with the  portable  accelerometer i n  the  plane of the  shaking force and 
with the  f ixed accelerometer a t  model s t a t i o n  207 (he re ina f t e r  ca l l ed  acceler- 
ometer 207) .  I n  f igu re  15, sec t ion  E B ,  accelerometer 207 i s  shown t o  be out of 
the plane of the  shaking force  as indicated by the  arrow. 

force.  It i s  shown t h a t  differences between the  def lec t ions  i n  the  shaking plane 

The accelerometer i s  
' oriented, however, t o  ind ica te  def lec t ion  p a r a l l e l  t o  the plane of the shaking 
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and at accelerometer 207 indicate the presence of shell motion of the second- 
stage outer shell. 
recorded on an oscillograph. 

Accelerometer output was fed through carrier amplifiers and 

Booster 
water level, 
percent full 

In addition to the instrumentation required to measure dynamic response, 
strain gages were placed on all four of the outer lox tanks to measure static 
longitudinal load. 
midsection and were used to measure the compressive load resulting from adjust- 
ment of the lox-tank pin connections. 

These strain gages were placed around the periphery of the 

Model 

lb 

Simulated flight 
condition weight, 

PROCEDURE 

I 100 

General 

Lift-off 7,360 

In all the testing performed, the second and third stages of the model were 
maintained fully ballasted with water. 
obtained by varying the water level in the booster. Vibration test results were 
obtained for the following vehicle configurations: 

Different vehicle configurations were 

0 
25 

48 
75 

The 100-percent-full booster water level refers to the water level at the 
lift-off weight condition; the booster tanks are not completely full in this 
condition. 

I Model Preparation 

The water level in the booster was first adjusted to give the desired weight 
Air pressure was then introduced into the booster and third-stage configuration. 

tanks to raise the frequencies of the local vibration modes and thus decrease 
their interference with the bending modes, which were of primary interest. A 
pressure of 5 lb/sq in. was maintained in the third-stage and booster outer tanks, 
and 10 lb/sq in. in the booster center lox tank. 
maintained throughout the entire testing program. 

These pressure levels were 

I In order to insure stability before ballasting the model, the distance 
between the suspension-cable rollers was increased to the maximum allowed by 
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the vibration-tower construction. Following ballasting, the distance was 
decreased until the restraining cable tension was just enough to support the 
model vertically. 
0.25 cps for all weight conditions. 
calculated to be 0.20 cps or less.) 
the plane perpendicular to the shaking plane was made by adjustment of the 
turnbuckles in the support cables. 

The rigid-body rocking frequency thus obtained was about 
(The rigid-body pendulum frequency was 
The leveling alinement of the model in 

Finally, the outer-lox-tank pin adjustments were made. For most of the 
tests described herein 40 percent of the total weight of the second and third 
stages was carried by the four outer lox tanks of the booster; the remaining 
60 percent was supported by the center lox tank. 
joints were loosened, relieving any compressive loading on the lox tanks, and 
the strain gages were zeroed. Then, the lox-tank joints were gradually tight- 
ened until the desired loading was obtained. The tanks were loaded gradually 
in pairs composed of diametrically opposite tanks. After the desired strain 
was indicated for each outer lox tank, lock nuts were tightened at each pin- 
type connection to insure against any possible loosening during the tests. 

Initially, the lox-tank upper 

Testing 

At each weight configuration, the first test operation was a frequency sweep 
with constant shaker force over a given frequency range. 
cent full, a range of frequency from about 5 cps to about 90 cps was covered; for 
the other weight conditions, the range covered was from about 5 cps to about 
45 cps. The output of the fixed accelerometers was recorded and used to deter- 
mine the approximate frequencies of the resonant response peaks. 
of the vibration mode at each of the response peaks was made by tuning the fre- 
quency of the shaker to produce maximum response of the model. The survey con- 
sisted of recordings of the response of the fixed accelerometers and recordings 
of the response of the portable accelerometer as it was attached to intermediate 
locations between the fixed accelerometers and to the outer tanks and engines. 
In order to determine if shell mode interference existed and to determine the 
direction of motion of the booster outer tanks, surveys were made with the port- 
able accelerometer. For this part of the survey, the outputs of the portable 
accelerometer and a suitable reference accelerometer were displayed on an oscill- 
oscope for visual observation. The positions of the vertical node lines were 
determined by observing the change of phase as the portable accelerometer was 
moved around the circumference of the outer tanks. A l l  mode shapes, including 
those of the outer tanks, were measured in the plane of maximum response. 
decrements were obtained by instantaneously cutting the input to the shaker at 
the frequency of the natural mode of interest. 
from the output of the fixed accelerometers which was recorded on an oscillo- 
graph. 
logarithmic paper, and a straight line faired through the data. The damping fac- 
tor g was obtained from the relation: 

With the booster 48 per- 

Then, a survey 

Damping 

The damping values were obtained 

The decaying amplitude was read from the oscillograph and plotted on semi- 
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where 

XO initial vibration amplitude 

Xn amplitude after n cycles 

RESULTS AND DISCUSSION 

Resonant frequencies and the associated mode shapes and damping of the model 
were determined with the booster from 0 percent to 100 percent full of water. A 
s m a r y  of the frequencies and damping values is presented in table 111, and 
details of the mode shapes are presented in tables IV to XXII. The mode shapes 
obtained with the booster 48 percent full (weight condition corresponding to max- 
imum dynamic pressure) are typical of the results for other water levels; there- 
fore, these results are discussed in detail. 

I Results With Booster 48 Percent Full 

Frequency response.- The variation of the deflection of the tip (station 386) 
with frequency is presented in figure 16. Also presented in this figure are nat- 
ural frequencies calculated by using elementary beam theory (rotary inertia and 
shear effects were not included). For these calculations a bending stiffness E1 
of 320 X lo7 lb-in.2 was used for the booster (stations 0 to 193) and the bending 
stiffness given in figure 3 was used for the upper stages. The bending stiffness 
of the booster was scaled from estimates of the bending stiffness of the full- 
scale booster made at Marshall Space Flight Center. The experimental curve in 
figure 16 shows that there were eight major response peaks (indicating the reso- 
nant frequencies), whereas only three calculated natural frequencies occurred in 
this range of frequency. This indicates that the theory used herein, with its 
simplifying assumption of a single equivalent stiffness for the booster, does not 
adequately represent the Saturn vehicle over the whole frequency range of inter- 
est. The calculated and experimental frequencies occurring at 13.0 cps are in 
good agreement; however, the other calculated frequencies do not correspond with 
any of the experimental resonances. The calculated bending-mode frequency of 
28.5 cps is fairly close to the experimental resonance of 26 cps; however, it is 
shown that the mode shape associated with the experimental resonance at 26 cps 
is not a bending mode. The mode shapes associated with the first six experimental 
resonant frequencies have been identified and are presented in figures 17 to 23. 

First bending mode.- The mode shape and damping associated with the first 
response peak, 13.0 cps, are shown in figure 17. The normalized deflection of 
the model main structure and a typical outer tank are presented. Main structure 
deflection includes the deflections of the corrugated barrel, the booster center 
tank, the outer shell of the second stage, the second-to-third-stage connector, 
and the third-stage tank and cone. At the right of this figure the direction of 
motion of the engines, at station 0, and all booster tanks, section A-A, is indi- 
cated by the arrows. (A similar manner of presenting mode shapes is used in sub- 
sequent figures. ) 
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This  f i gu re  shows t h a t  t h e  booster center  tank and the t y p i c a l  ou ter  tank 
have about the  same def lect ion,  as indicated by the  normalized def lec t ion  curve. 
In  addition, sect ion A-A shows t h a t  a l l  the outer  tanks a re  def lec t ing  i n  t h e  
same d i rec t ion  as the  center  tank. When the booster-outer-tank def lect ions are 
predominantly i n  the same d i rec t ion  and w i t h  about t h e  same amplitude as t h e  
center  tank, as they a r e  i n  t h i s  mode, the mode i s  termed a "bending mode." 
pa r t i cu la r  mode i s  i d e n t i f i e d  as the  f i r s t  bending mode. 
does not always occur and examples a re  shown i n  subsequent figures. 

This 
This type of motion 

All the engines a r e  shown t o  be moving together i n  the  same d i rec t ion  as 
the  barrel, t o  which they a r e  attached. 
engines (shown i n  table 11) are approached, the  engine motion becomes e r r a t i c .  
The damping values g presented f o r  two amplitudes show that  as the  amplitude 
decreased the damping value decreased a l so .  

A s  the na tura l  frequencies of t he  

F i r s t  c l u s t e r  mode.- The mode shape and damping associated w i t h  the second 
response peak, 26.0 cps, a r e  shown i n  f igure  18. The normalized def lec t ion  shows 
that, i n  t h i s  case, t he  center  tank and outer  tank 3 a re  def lec t ing  i n  opposite 
Hrect ions.  Section A-A shows tha t  a l l  outer  tanks are def lec t ing  i n  a d i rec t ion  
redominantly opposite t o  t h e  center-tank def lec t ion  and t h a t  t he  four  lox tanks 
'tanks 2, 4, 6, and 8) have a component of motion out of the plane of the applied 
'orce. This unusual mode i s  the result of the  c lus te red  arrangement of t he  
)ooster tanks and i s  therefore  termed a "c lus t e r  mode." 
.dent i f ied as the  f i r s t  c l u s t e r  mode. 

This  pa r t i cu la r  mode i s  

The damping values a r e  again smaller f o r  the smaller amplitudes. Also, a l l  
mgines de f l ec t  i n  the  same d i rec t ion  as the b a r r e l  t o  which they a re  attached. 

Second c l u s t e r  mode.- The mode shape associated with the  t h i r d  response peak, 
33.9 cps, i s  shown i n  f igu re  19. 
the  center  tank i s  def lec t ing  i n  the  same di rec t ion  as the  t i p ,  whereas outer  
tank 7 i s  def lec t ing  i n  t h e  opposite d i rec t ion .  For comparison, i n  the  f i rs t  
c lus t e r  mode the center-tank def lec t ion  i s  opposite t o  t h e  t i p  def lect ion,  whereas 
the outer  tanks are def lec t ing  i n  t h e  same d i rec t ion  as the  t i p  ( s t a t i o n  386). 
All outer-tank motions could not be i d e n t i f i e d  because of interference from l o c a l  
vibrations;  however, t he  outer- tank def lec t ions  which were ident i f ied ,  as shown 
by sect ion A-A, a r e  predominantly opposite t o  the  center-tank def lect ion.  
lox tanks again have a component of motion out of the plane of the  applied force.  

I n  t h i s  c l u s t e r  mode ( the  second c l u s t e r  mode) 

The 

The def lec t ions  of a l l  engines .could not be ident i f ied ,  and those t h a t  were 
i d e n t i f i e d  were not uniformly def lected i n  the d i rec t ion  of the  bar re l ,  as shown 
i n  t h e  engine motion sketch. This irregular engine motion can be understood by 
considering the  engine vibrat ion cha rac t e r i s t i c s  as shown i n  t a b l e  11. Table I1 
shows two d i f f e r e n t  na tura l  frequencies of each engine, the  lower frequency being 
i n  the  plane perpendicular t o  the outr igger  and i n  the  frequency range from 35 cps 
t o  40 cps. (As was mentioned previously, t he  engines have d i f f e ren t  frequencies 
i n  the  two planes as a result of dissymmetry of the  barrel s t ruc ture  t o  which 

force i s  applied a t  an angle t o  the predominant planes of t he  engines, as indi-  
cated by t h e  arrow i n  table 11, each engine will tend t o  respond with a component 
of motion i n  the  plane perpendicular t o  i t s  outr igger  where i t s  na tura l  frequency 
i s  lowest. 

~ they are attached.)  Also, each engine has a d i f f e r e n t  frequency. When the shaker 

The magnitude of the component depends on the r a t i o  of t h e  na tu ra l  
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frequency of t h e  engine t o  the  forc ing  frequency. Thus, with the  forc ing  f re -  
quency of t h i s  mode, 33.9 cps, each engine has a considerable component of motion 
which i s  not i n  t h e  plane of t h e  shaker force, and each component i s  d i f f e r e n t  
depending on the  engine na tu ra l  frequency and t h e  angle between the  shaker plane 
and the  outrigger plane. 

Second bending mode.- The mode shape associated with the  four th  response 
peak, 38.9 cps, i s  shown i n  f igu re  20. 
(second bending mode) because the  outer  tanks a r e  de f l ec t ing  i n  the  same direc- 
t i o n  and with approximately the  same amplitude as the  center  tank, as shown by 
t h e  normalized de f l ec t ion  curve and by the  booster sec t ion  A-A. The frequency 
of t h i s  mode i s  i n  t h e  range of t h e  engine n a t u r a l  frequencies; t h i s  tends t o  
account for t he  e r r a t i c  engine behavior shown i n  t h i s  f igure .  

This mode i s  i d e n t i f i e d  as a bending mode 

The normalized de f l ec t ion  curve shows two values of def lec t ion  i n  the  a rea  
of t he  second stage, one f o r  t he  center  l i n e  and one f o r  the second-stage b a l l a s t  
tank. Figure 20 shows t h a t  t h e  b a l l a s t  tank and the  outer s h e l l  a r e  de f l ec t ing  
i n  opposite d i rec t ions ,  a phenomenon which can be explained by reference t o  a 
cross sec t ion  of the  second stage.  

The def lec t ions  of both the  ballast tank and the  outer  shell are shown f o r  
severa l  po in ts  on t h e  circumference i n  f igu re  21. This f igu re  shows t h a t  t he  
outer s h e l l  i s  de f l ec t ing  i n  a s h e l l  mode, with 14 nodal po in ts  around the  cir- 
cumference, while t h e  ballast tank i s  t r a n s l a t i n g  with an e s s e n t i a l l y  undeformed 
c i r c u l a r  cross sec t ion .  Thus, t h e  l a rge  def lec t ions  of t he  center  l i n e  shown i n  
f igure  20 a r e  the  r e s u l t  of l o c a l  deformations of t he  load-carrying outer  s h e l l  
and involve only s m a l l  amounts of mass. Most of the  second-stage mass i s  incor- 
porated i n  the  b a l l a s t  tank which d e f l e c t s  i n  t h e  opposite d i r ec t ion .  This phe- 
nomenon emphasizes the  importance of measuring the  def lec t ions  of a l l  components 
having l a rge  m a s s  and the  importance of complete measurement of a mode f o r  ade- 
quate understanding of  the  da ta .  

Third bending mode.- The mode shape assoc ia ted  with t h e  f i f t h  response peak, 
47.8 cps, i s  shown i n  f igu re  22. The mode i s  i d e n t i f i e d  as a bending mode because 
the  outer  tanks a r e  de f l ec t ing  i n  the  same d i r ec t ion  and with approximately the  
same amplitude as the  center  tank, as shown by the  normalized de f l ec t ion  curve 
and t h e  booster sec t ion  A-A. The shape of t he  main s t r u c t u r e  curve i n  the  second- 
s tage  area, which i s  s i m i l a r  t o  t he  curve shown i n  f igu re  20, and the  de f l ec t ion  
of accelerometer 207, which w a s  measured out of t he  plane of t he  shaking force, 
i nd ica t e s  t h a t  a s h e l l  mode may e x i s t  i n  t he  second stage.  However, t he  second- 
s tage  cross-section mode was not i d e n t i f i e d  f o r  v e r i f i c a t i o n  of t h i s  ind ica t ion .  

The r o l e  of the  engines i n  t h e  i d e n t i f i c a t i o n  of t h i s  mode i s  i n t e r e s t i n g .  
Although the  frequency of t h i s  mode i s  only s l i g h t l y  above t h e  engine na tu ra l  
frequencies, the  engine def lec t ions ,  while s l i g h t l y  e r r a t i c ,  a r e  predominantly 
a l l  i n  the  same d i r ec t ion  as the  t i p  ( s t a t i o n  386). Thus, t he  main s t r u c t u r e  
has only three  node poin ts  (which i s  c h a r a c t e r i s t i c  of a second bending type of 
mode); however, inc lus ion  of t he  engines adds a four th  node poin t  and the  mode 
i s  thus characterized as the  t h i r d  bending mode. 

Fourth bending mode.- The mode shape and damping assoc ia ted  with the  s i x t h  
response peak, 60 cps, a r e  shown i n  f igu re  23. Again, the  booster ou ter  tanks 
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are shown t o  be def lected generally i n  the  same d i rec t ion  as the  center  tank and 
with approximately the  same amplitude. Also, s h e l l  def lect ions appear t o  be pres- 
en t  i n  the  second stage, as indicated by the  def lec t ion  of accelerometer 207 ( t h e  
flagged symbol) which was measured out of the  plane of the  shaking force.  I n  
order t o  ge t  f i v e  node points  (a cha rac t e r i s t i c  of a fourth bending mode), the  
contribution of t he  engines must be considered; however, i n  t h i s  case it must be 
assumed t h a t  t he  contr ibut ions of engines 2 and 6 a re  s m a l l ,  s ince they are 
def lected i n  the opposite d i rec t ion  from the  r e s t  of the  engines. 

, ' 

Results f o r  A l l  Model Weights 

Variation of frequency with booster water level . -  The var ia t ion  of resonant 
frequency with booster water level ,  expressed as percent f u l l  with 100 percent 
f u l l  being the  l i f t - o f f  water leve l ,  i s  shown i n  f igure  24. This f igure  shows 
t h a t  the  c l u s t e r  modes were not observed a t  the  water l eve l s  of 0 and 25 percent 
f u l l .  I n  general, the  various modes r e t a i n  t h e i r  cha rac t e r i s t i c s  shown i n  f ig-  
ures 17 t o  23 as the  booster water l e v e l  i s  changed. For example, i n  the  f i r s t  
c l u s t e r  mode the  def lec t ion  re la t ionship  between the  center  tank and the  outer  
tanks of the  booster and the  general appearance of the mode shape, as shown by 
the  normalized def lect ion,  i s  the  same f o r  a l l  weight conditions as f o r  48 percent 
f u l l  shown i n  f igure  18. 
a t  100 percent f u l l ,  however, i s  an exception. 

The mode shape associated with t h e  t h i r d  response peak 

Outer-tank mode a t  100 percent full.- The mode shape associated with t h e  
response a t  9.4 cps with t h e  booster 100 percent fu l l  i s  shown i n  f igure  25. 
This figure shows t h a t  there  i s  very l i t t l e  def lec t ion  of t he  main s t ructure ,  
and the  only iden t i f i ab le  def lec t ion  of the  outer  tanks w a s  f o r  outer  f u e l  tanks 
1 and 5 .  The f igure  shows t h a t  t he  mode shape cons is t s  pr inc ipa l ly  of response 
of the outer  f u e l  tanks i n  t h e i r  f irst  bending mode. 

Third vehicle response a t  100 percent full.- The mode shape associated with 
the  t h i r d  response peak with t h e  booster tanks 100 percent fu l l  i s  shown i n  f ig-  
ure 26. Comparison of t h i s  figure and f igure  19, t he  second c l u s t e r  mode a t  
48 percent full,  shows subs tan t ia l  differences between the  booster def lect ions i n  
the  two modes. 
outer-tank def lec t ions  are opposite t o  the  center-tank def lect ion over most of 
t he  outer-tank length; however, figure 26 shows t h a t  with the  booster 100 percent 
fu l l  t he  outer-tank def lect ion i s  i n  the  same d i rec t ion  as the  center-tank deflec- 
t i o n  over near ly  one-half of t he  outer-tank length.  Thus, while the  frequency of 
t he  response var ies  i n  a continuous manner with booster water level ,  the  mode 
shape associated with t h i s  response undergoes a change of character  as t h e  water 
l e v e l  changes. 

Figure 19 shows t h a t  with the  booster tanks 48 percent full the  

Nonlinearity of Response 

The var ia t ions  of t i p  def lect ion and resonant frequency with shaker force 
are shown i n  f igure  27, f o r  outer-tank compressive force  values of 0, 900, and 
1,800 pounds with the  booster tanks 48 percent ful l .  
by varying the  shaker frequency with a given shaker force u n t i l  maximum def lec t ion  
of the  f i rs t  response peak occurred. 

These curves were obtained 

Figure 27(a) shows t h a t  model def lec t ion  i s  
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not a linear function of shaker force, and figure 27(b) shows that frequency 
decreases with an increase of shaker force. The damping values presented in 
table I11 indicate that damping increases with an increase of vibration ampli- 
tude. This variation of damping with amplitude might be expected to cause a 
corresponding change of frequency with amplitude such as that shown in fig- 
ure 27(b). 
damping values given in table I11 is too small to account for the frequency 
change shown in figure 27(b); this indicates that nonlinear effects other than 
a variation of damping with amplitudes are present. This figure also shows the 
effect on amplitude and frequency of varying the outer-tank compressive forces. 
Figure 27(a) shows that for a given value of shaker force the amplitude increases 
with an increase of compressive force in the outer tanks. 
that frequency increases with increasing outer-tank compressive force. 

However, the change of frequency which can be calculated from the 

Figure 27(b) shows 

Spider-Beam Deflections 

An investigation was made of the deflections of one arm of the spider beam 
with the purpose of determining the relationship between the deflections of the 
model center line (center tank and cylindrical structure of second-stage adapter) 
and the local spider-beam deflections. The spider beam is one possible location 
f o r  guidance instrumentation, and it was therefore desired to know whether slopes 
measured on the spider beam would accurately represent the center-line slope. 

Deflections of the spider-beam arms were measured with the booster tanks 
48 percent full and with the model vibrating in each of the natural frequencies 
for that weight. The results are presented in figure 28 along with faired center- 
line curves. The curves in this figure show that local bending of the spider beam 
is taking place and that the slope near the ends of the spider beam can be sub- 
stantially different from the center-line slope. 

CONCLUDING REMARKS 

An investigation of the vibration characteristics of a l/?-scale dynamic rep- 
lica model of the Saturn SA-1 has been performed and the results reported herein. 
The results consist of the resonant frequencies and the associated mode shapes and 
damping of the l/?-scale model with the booster tank water level varying from 
0 percent full (simulated burnout condition) to 100 percent full (simulated lift- 
off condition). 

These results show the unusual response characteristics of the Saturn model 
associated with the clustered arrangement of the booster tanks. 
resonant frequencies obtained on the model has been shown to be significantly 
greater than the number of natural frequencies calculated by simple beam theory 
with an equivalent overall stiffness assigned to the booster. The mode shapes 
associated with the additional resonant frequencies have shown significant inde- 
pendent behavior of the tanks in the clustered booster, indicating that, in 

The number of 
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ca lcu la t ions  of frequencies and modes, each of t h e  tanks must be considered 
independently . 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley S ta t ion ,  Hmpton, Va . ,  October 10, 1962. 
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TABLE I V  

NORMALIZED FIRST BENDING MODE SHAPE FOR BOOSTER lXl”Y 

[Frequency, 13.4 cps; amplitude, 1 G peak-to-peak at s t a t i o n  386 

1 2 3 4 5 6 7 

Force input  (shakers i n  phase) : 
Shaker 1 at s t a t i o n  24, 22 vector  l b  
Shaker 2 at s t a t i o n  345, 22 vector  l b  

8 

Stat ion Deflection 

S ta t ion  

0 
10 
20 

385.5 
375 
365 

$1 
335 
325 
315 
306 
304 
295 

;E 

Normalized d e f l e c t i o n . f o r  engine - 

1 2 3 4 5 6 7 a 
0.68 0.76 0.79 0.65 0.74 0.74 0.78 0.79 
.57 * 63 .62 .48 .61 .59 .57 .59 
.45 .47 .48 .47 .48 51 .45 .45 

1.00 
.85 
.75 
.66 
.58 
.51 
* 51 
.43 
* 31 
* 19 
.20 
.07 

h p i n g  a t  s t a t i o n  386: 
When xo(G) = 0.18, g = 0.03 
When xo(G) = 0.105, g = 0.017 

( a )  Main structure’ 

S t a t ion  

285 
282 
275 
265 
255 
245 
235 
225 
215 
207 
205 
195 

Deflection 

0.01 
.02 

- .14 
-.07 

- .17 
-.26 
- .32 
-.39 - .46 
- .48 
- .54 
- .53 

Stat ion 

184 
180 
176 
174 
164 
144 
113 
84 
54 
35 
29 
24 

Deflection 

-0.63 
- .60 
- .70 
- .68 
- .65 
- .50 
-.J1 
-.a 
.18 
.35 
f 38 
.44 

%in s t ruc tu re  includes t h i r d  stage,  second-stage outer  she l l ,  booster  center  lox tank, and b a r r e l .  

( b )  Booster outer  tanks 

NormaPized de f l ec t ion  f o r  tank - I I 

~~ 

0.33 
.25 
.13 - .12 

- .40 
-.60 
- .69 
- .52 

0.34 
.22 

- .23 
- .34 
- .51 
- .56 
- .66 

_--_ 
0.32 
.22 
.11 

- .17 
- .30 
- .50 
- .58 
- .65 

0.33 
23 
.ll 

- .23 
- .40 
- .52 
- .63 
- .67 

0.34 
.12 
.11 
-.22 
-.35 - .56 
-.56 
- .65 

0.32 
.18 
.11 

-.35 
- .55 - .65 
-.70 

0.34 
* 23 
.14 - .21 

- - %  
-.53 - .56 
- .6j 

0.34 
25 
13 

-.27 
- .41 
- .54 
- e63 
- .64 

t Shaker d i r ec t ion  

Booster cross  sbct ion - s t a t i o n  60 

t Shaker d i r ec t ion  

Engine motion - s t a t i o n  0 
( c )  Engines 



TABLEV 

NORMAIIZFD SECOND BENDING MODE SHAPE FOR BOOSTER ENPTY 

[Frequency, 44.7 cps] 

Damping a t  s t a t i o n  164: 
When xo(G) = 0.40, g = 0.046 
When +(GI = 0.051, g = 0.032 

1 2 3 4 

( a )  Main s t ructure '  

5 6 7 8 

@?&in s t r u c t u r e  inc ludes  t h i r d  s t age ,  second-stage Outer s h e l l ,  boos t e r  c e n t e r  l o x  tank,  and b a r r e l .  

(b) Booster o u t e r  tanks 

d 
48 
58 
68 
78 
88 
98 

108 
118 
128 

158 
168 
173 
176 

;E 

I I Normalized d e f l e c t i o n  f o r  t ank  - 1 

-0.016 -0.14 
----- . I5  

.42 .26 

.68 
.57 .83 

1.08 
1.32 .92 
1.51 
1.60 1.09 
1.75 
1.66 1.23 
1.53 

1.23 1 . 9  
1.35 
1.27 
1.20 1.13 

--_-- 
_ _ _ _ _  
_ _ _ _ _  
----- 
_ _ _ _ _  
-_--- _ _ _ _ _  

Sta t ion  

0 
10 
20 

1 2 3 4 5 6 7 8 

4.35 1.00 2.08 2.05 3.13 2.21 4.11 1.74 
2.95 .22 1.05 .71 2.14 .80 2.77 .76 
- .45 - .54 - .18 - .29 .31 - .)8 .54 - .J1 

f Shaker d i r e c t i o n  

-0.14 

.28 

.59 

_ _ _ _ _  
_ _ _ _ _  

1.35 

f Shaker d i r e c t i o n  

Engine motion - s t a t i o n  0 Booster c ros s  sec t ion  - s t a t i o n  100 
( c )  h g i n e s  

~ 

I 1 Normalized d e f l e c t i o n  for  engine - 

20 



TABLE VI 

S ta t ion  Deflect ion S ta t ion  Deflection 

1.00 285 0.04 
375 -83 282 .05 
96 

365 . a2 275 - .05 
355 .67 265 - .12 

.57 255 - .15 

.53 245 - .20 
346 

335 .52 235 - .28 
341 
325 .41 225 - .34 
315 .32 215 - .40 

.23 207 - .46 
304 .21 205 - .49 
306 

295 .10 194 - .60 
~~ ~~ 

NORMALIZED FIRST BENDING MODE SHAPE FOR BOOSTER 25 PERCENT FLTLL 

[Frequency, 13.6 cps; amplitude, 0.w peak-to-peak a t  s t a t i o n  3 5 . 5 1  

Force input :  Damping a t  s t a t i o n  386: 
Shaker 1 at s t a t i o n  24, 15 vector  l b  When xo(G) = 0.658, g = 0.052 

S ta t ion  Deflect ion 

184 -0.59 
la0 - .60 
176 - .68 
164 - .66 
144 -.55 
113 - . 4 j  
84 - .21 
54 .06 
35 .22 
29 .25 
24 .2a 

( a )  Main s t ruc tu rea  

S ta t ion  

38 
58 
78 
98 

158 
1 9  

173 

118 

Normalized de f l ec t ion  f o r  tank - 
1 2 3 4 5 6 7 a 

0.22 0.22 0.23 0.21 0.27 0.19 0.21 0.21 .w .11 ---- .ca .08 .og .20 .14 ---- ---- ---- - . lo 
- .20 - .1g ---- - .26 - .23 - .25 - .18 -.35 
- .37 - e 3 4  - .61 -.39 - .32 -.P - . 3 3  -.48 
- .54 - .48 - .67 - .62 - .45 - .56 - .51 - .61 
- .62 - .67 - .71 - .67 - .67 - .67 - .64 - .70 
- .73 - .75 - .74 - .7a - .75 - .74 - .73 - .a3 

---- ---- ---- -.og 

0 
10 
20 

t Shaker d i r e c t i o n  t Shaker d i r ec t ion  

Booster cross  sec t ion  - s t a t i o n  100 Engine motion - s t a t i o n  0 

( c )  Engines 

I I Normalized de f l ec t ion  f o r  engine - 1 

0.56 0.60 0.58 0.62 0.68 0.78 0.61 0-59 
.43 .46 .56 .47 .39 e54 .48 .48 
.34 .35 .9 .35 .32 .34 .9 .35 
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TABLE VI1 

Station 

0 
10 
20 

NORMALIZED SECOND BENDING MODE SHAPE FOR BOOSTER 25 PERCENT FULL 

[Frequency, 44.6 cps; amplitude, 0.m peak-to-peak at station 9 6 1  

Normalized deflection for engine - 
1 2 3 4 5 6 7 8 

2.24 1.11 0.89 1.06 1.50 1.06 1.52 0.88 
1.92 .35 .50 .56 1.03 .39 .E3  .33 

.39 - .28 - .11 - .17 .14 .I7 ---- - .15 

Force input: 
Shaker 1 at station 24, 15 vector lb 

215 
225 

amin structure includes third stage, second-stage outer shell, booster center lox tank, and barrel. 

.. - .67 255 -1.11 I -.90 

(b) Booster outer tanks 
I I Normalized deflection f o r  tank - + Station 

-0.71 

.62 
1.04 
1.45 
1.81 
1.59 
1.47 

-_-__ 

t Shaker direction 
Booster cross section - station 100 

(c) Engines 

t Shaker direction 
Engine motion - station 0 

(d)  Second-stage ballast tank 

I Station I Deflection I Station I Deflection I 

I I -0.42 -1.21 I :lz I -1.27 
I 195 

205 - .59 
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TABLE VI11 

NORMALIZED FIRST BENDING MODE SHAPE FOR BOOSTER 48 PERCENT FILL 

[Frequency, 13.0 c p s j  amplitude, 0.57G peak-to-peak at  s t a t i o n  3361 

S t a t i o n  

Force i n p u t  (shakers i n  phase) :  
Shaker 1 at  s t a t i o n  24, 2.95 vec to r  l b  
Shaker 2 at s t a t i o n  9 5 ,  5.8 vec to r  l b  

Def l ec t ion  

DBmping a t  s t a t i o n  536: 
When xo(G) = 0.43, g = 0.032 
When xo(G) = 0.178, g = 0.017 

9 6  

375 
370 
365 
360 
355 
350 
9 5  

( a )  Main s t r u c t u r e a  

1 

2 

0.22 
.I5 
.08 

-.#+ 
-.og 
- .15 - .24 - .28 
-.37 
- .41 - .go - .52 
- .62 - .68 
- .7J 

3 
0.22 
.18 
.14 
.12 
.08 

-.06 
- .og 
-.18 - .28 
-.43 - .52 
-.61 
- .66 
-.74 

---- 

.oo 

.e6 

.73 

.69 

.66 

.60 

.58 

.53 

.55 

.53 

.49 

.40 

.J7 

.33 

.24 

. 89 

,78 

78 
88 
98 
108 
118 
128 
138 
148 
158 
168 
173 

.21 22 1 .24 
300 .11 

- .10 
-.13 
-.22 
- .29 
-.% - .41 
- .51 
-.57 - .62 
-.74 
-.78 

S t a t i o n  

-.% - .45 - .48 
-.42 
-.w - .29 
-.53 - .45 
-.57 - .68 
- .68 

Def l ec t ion  11 S t a t i o n  

- .& 
- .15 
- .22 - .27 
- .37 
- . 41  
- .49 
- .51 
-.59 - .60 - .65 

Def l ec t ion  

S t a t i o n  

0 
10 
20 

-0.53 
- .62 
- .69 
- .65 - .63 
- .65 - .67 
-.TO - .67 
- .55 
- .36 - .21 
.10 
.24 
.J2 
.39 
.53 
.38 
.47 
.40 

Normalized d e f l e c t i o n  for engine - 
1 2 3 4 5 6 7 8 

0.71 0.76 0.76 0.71 0.68 0.73 0.73 0-73 
.54 .57 .64 .66 .59 .57 .64 .59 
.42 .45 .47 .54 .45 .47 * 50 .45 

'Main s t r u c t u r e  inc ludes  t h i r d  s t a g e ,  second-stage o u t e r  s h e l l ,  boos t e r  c e n t e r  lox tank,  and b a r r e l .  

( a )  Booster  o u t e r  tanks 

I Normalized d e f l e c t i o n  for t ank  - 
S t a t i o n  

0.28 
.20 

38 
48 
58 
68 

t Shaker d i r e c t i o n  

Booster  c r o s s  s e c t i o n  - s t a t i o n  180 

4 

0.24 
-15 
.08 

- .lo - .15 - .22 
- .28 
-.37 - .41 - .51 
-.41 
-.60 
-.65 
- .68 

---- 

7 

0.24 
.18 
.I3 
.09 
-03 

- .06 
- .13 
-.19 - .26 
-.33 - .42 
-.45 
-.55 - .60 - .68 

t Shaker d i r e c t i o n  

Engine motion - s t a t i o n  0 

8 

0.24 
.14 
.06 

- .ca 
- .15 
- .20 
- .29 
-.37 
-.42 
-.51 
- .51 
- .62 
- .62 - .68 

---- 
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TABLE IX 

Station Deflection 

NORMALIZED FIRST CLUSTER MODE SHAPE FOR BOOSTER 48 PERCENT FULL 

[Frequency, 26.0 cps; amplitude, 0 . F  peak-to-peak a t  s ta t ion  961 

Station 

Force input (shakers out of phase): 
Shaker 1 a t  s t a t ion  24, 5.8 vector l b  
Shaker 2 a t  s t a t ion  345, 4.45 vector l b  

1 

Damping a t  s ta t ion  164: 
When xo(G) = 0.078, g = 0.023 
When xo(G) = 0.032, g = 0.011 

2 

( a )  Main structurea 

Station 

0 
10 
20 

Deflection 1 1  Station 

Normallzed deflection for  engine - 
. 

1 2 3 4 5 6 7 8 

-3.50 -3.25 -3.63 -3.50 -3.33 -3.50 -5.00 -3.50 
-2.63 -2 .OO -2 .88 -2.50 -2.63 -2.50 -3.38 -2.50 
-1 * 37 -1.37 -1.62 -1.50 -1.37 -1.37 -1.50 -1 .88 

Deflection 

% w 
375 
370 
365 
$0 
355 
350 
345 
341 

335 
3jo 
325 

340 

1.00 
* 72 
.76 
67 
.57 
.53 
.53 
.48 
.53 
.48 
-53 
.48 
.33 
.33 

320 
315 
310 
3 6  
305 
300 
290 
285 
282 
275 
265 
260 
240 
225 

0.29 
.29 
.24 

.I9 

.10 
- .14 
-.19 
- .og - .19 
- .19 
- .19 
- .29 

0 

- .24 

210 
207 
205 
200 
195 
188 
184 
180 
179 
164 
144 
113 
84 
54 

-0.58 
- .66 
-.43 
- .48 
- .57 - .4j 
- .57 
- .53 - .62 
- .53 
-.54 

- .49 
- .51 
- .56 

%in s t ruc ture  includes t h i r d  stage, second-stage outer she l l ,  booster center lox tank, and bar re l .  

(b)  Booster outer tanks 

I Normalized deflection for tank - 
3 4 5 6 7 8 

9 
48 
58 
68 
78 
88 
98 
108 
118 
128 
19 
148 
158 
168 
173 

-0.50 
-.50 

.80 
1.10 
1.30 
1.30 
1.20 
1.10 

* 70 

----- 
-0.60 
.60 
.80 
1. j o  
1.90 
2.00 
2.10 
1.90 
1.80 
1.40 
1.20 
.60 
.jo - .20 

- .70 

-0.40 

.60 
1.10 
1.10 
1.00 
1.00 

* 70 
.80 
.60 
* 70 

-.40 
- .45 

- .50 

- .60 

-0.20 
.60 
1.10 
1.40 
1.50 
1.60 
1.70 
1.60 
1.60 
1.30 
1.20 
.80 
50 
.50 
70 

-0.40 
- . 30 

* 65 
1.50 
2.10 
1.80 
1.20 

.90 

.60 

.5O 

.60 

- . jo  - .40 - .50 

----- 

-0.40 
- . jo  
.60 
* 70 
* 90 

.50 
* 70 

.40 

.80 

.60 

.60 ----- 
- .30 
- .50 
- .60 

-0.15 
.55 
1.40 
2.10 
3.30 
2.90 
2.50 
2.20 
2.00 
1.50 
1.10 
.80 
.20 

- .70 
-.50 

Shaker d i rec t ion  

Booster cross section - s t a t ion  80 

Shaker d i rec t ion  

Engine motion - s t a t ion  0 

24 



TABLEX 

NOFMALIZED SECOND CLUSTER MODE SEAR3 FOR BOOSTER 48 PERCMT 

[Frequency, 33.9 cps; mplitude, 0.m peak-to-peak a t  station %6] 

Force input: 
Shaker 1 a t  station 24, 18 vector l b  

Deflection Station Deflection Station 

1.00 315 0.22 250 
.17 245 
0 2 4  

.85 310 

180 
* 85 % 

.07 
-.07 176 

.78 304 
- .11 17 3 

.74 WJ 
295 

164 .67 
- .14 

144 
* 67 290 - .I3 .57 285 

282 0 113 
.48 280 0 84 
-50 

---- 54 .48 270 
.65 265 
.44 259 
.33 255 
.26 

---- 35 
---- 29 ---- 24 

Station Deflection 

----- ----- 
-0.59 

.% 

.35 
51 

1.16 
2.66 
2.78 

0 

1.48 - 03 - 03 
* 17 

I Normalized deflection for tank - 
Station I 18 

38 
48 
58 
68 
78 
88 
98 
108 
118 
128 
1 9  
148 
158 1 160 

1 2 

-0.27 - .24 
- .21 
-.w - .45 - .25 - .41 
- .31 - . 31 - .17 
- .23 - .14 
- .11 
-.w 
.12 

----- 

3 4 5 6 7 
0.16 
- .16 
- .18 -.* 
- .57 - .64 
- .65 - .74 
- .65 - .50 
-.27 
- .16 
- .19 

- .41 

---- 
* 15 

-0.17 
0 
-.lo 
-.g 
-.37 
-.53 
-.63 - .71 - .71 
- .70 
- .60 
-.37 
-.17 
0 
.12 
.13 

n 

- 
f Shaker direction :tion 

Engine motion - station 0 Booster cross section - station 100 

(c) Engines 

I I Normalized deflection for  ennine - 1 

2.28 0.43 0.76 1.94 1-79 
1.12 
.35 
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TABLE X I  

1 

NOIlMALIZED SECOND BENDING MODE SHAFE FOR BOOSPW 48 PERCZWI FVLL 

[Frequency, 9 . 9  cpsj amplitude, 0.14G peak-t+peak a t  s ta t ion 9 6 1  

2 3 4 

Force input: 
Shaher 1 a t  s ta t ion 24, 24 vector l b  

Station 

0 
10 
20 

(a) w i n  structures 

Normalized deflection for engine - 
1 2 3 4 5 6 7 8 

-lo.% 5.23 14.47 _ _ _  -11.79 _ _ _  9.93 17.22 
-7.03 2.13 7.78 _ _ _  -6.18 --- 5.99 11.58 
-1.64 -.97 -2.84 -__  -2.52 .-- 1.33 .64 

Station 

Station Deflection s ta t ion 

267 -0.72 232 
262 - .62 222 
253 -.79 212 
242 - .eQ 202 

Deflection 

Deflection 

-0.78 
- .70 
-.77 
- .% 

1.00 
1.07 

.98 
-92 
,87 
.79 
.72 
.66 
.60 
.55 
.47 
.49 
.45 
.9 
.YJ 
.23 
.16 .ca 
.6 

0 - .06 
-.I% 

Station Deflection 

-0.04 

282 
280 .10 
275 .22 
270 .25 
267 .31 
265 .17 
262 .22 
259 .29 
255 .46 
253 .% 
250 .60 
245 .64 
242 .69 
240 .67 
235 .62 
232 .69 
231 .61 
225 .69 
222 .84 
220 I .eQ 

stat ion 

215 
212 
210 
207 
205 
202 
200 
195 

173 
164 
144 
113 
84 
54 
35 
29 
24 

Deflection 

0.87 
.94 
.87 

- .21 
.77 
.73 
.58 
.d 
.49 
. Y  

.45 .a 

.68 

.66 

.91 
1.19 

.a9 

.28 
-.72 
- .94 - .89 

0 

k i n  structure includes third stage, second-stage outer shell, booster center lox tank, and barrel. 

(b) Booster outer tanks 

I Normalized deflection for  tank - 

-0.67 

58 - .18 
68 1 -.24 

128 I .76 
.79 5 1 :i .79 

168 
173 .79 
176 I .67 

t saker  direction 

Booster cross section - stat ion 120 

-0.61 

- .12 

5 

-0.67 
-.Le 
- .24 
0 

.30 

.45 

.58 

.61 

.64 

.73 

.79 

.73 

.70 

.79 

.73 

.61 

6 

-0.73 - .52 
- .30 
- .24 

.42 

.42 

.48 

.55 

.61 

.64 

.61 

.61 

.61 

.58 

.61 

1 

-0.79 - .61 
-.42 
- .27 

.24 

.36 

.45 .sa 

.61 

.61 

.67 

.76 

.73 

.76 

.76 

t Shaker dimetion 

Engine motion - stat ion 0 

( c )  Engines 

-.33 
.33 
.52 
.61 
.67 
.67 
.67 
.67 
.64 
.64 
.61 
.61 
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TABLE XI1 

NOWIZED TEIRD BENDING MODE S W  FOR BOOSTER 48 PERCEKP XTJU 

[Frequency, 47.8 cpsj amplitude, 0.28G peak-to-peak at Station %] 

Force input: tmnping a t  station 180: 
Shaker 1 at  station 24, 24 vector lb When xo(G) = 0.065, g = 0.017 

-0.11 
-.14 
- .11 
- .06 

.07 

.08 

.w 
* 29 

.29 

.43 

.66 

.% 

(a) %in structurea 

215 
210 
207 
205 
200 
194 
184 
179 

173 
164 
144 

176 

Station 

1 2 

Deflection )I Station 

3 4 5 6 7 8 

Deflection 11 Station Deflection 

1.00 
1.00 
.93 
.85 
.81 
.74 
.66 
.64 
.58 
.48 
.45 
.41 
.M 
.26 
.17 
.11 
.06 

- .10 
-.og 

w5 w 
295 
290 
285 
282 
280 
275 
270 
265 
259 
255 
250 
245 
240 
235 
231 
225 
220 

1.15 
1.19 
.08 

1.12 
.97 
.78 
.82 
1.04 
1.08 
1.13 
1.19 
1.14 
.74 
.20 -.w -.w 

-.26 - .16 

.82 113 

.90 54 

.97 24 
1.12 II 

%in structure includes th i rd  stage, second-stage outer shell, booster center lox  tank, and barrel  

(b) Booster outer tanks 

Normalized deflection for tank-  
Station 

38 
48 
58 
68 
78 
88 
98 
108 
118 
128 

;E 
158 
168 
173 
176 

2 3 4 5 6 7 8 

-0.44 
-.$ 
-.33 - .24 
.. .24 
.46 
.64 
.84 
1.04 
1.20 
1.35 
1.39 
1.48 
1.48 
1.49 --_-- 

-0.44 
- .44 - . 31 
- .15 
.22 
.40 
.67 

1.06 
1.31 
1.42 
1.59 
1.62 
1.46 
1.55 
1.44 _ _ _ _ _  

. -0.46 
-.9 
-.35 
- .44 
- .40 
.B 
.51 
.75 
.93 

1.13 
1.31 
1.37 
1.46 
1.44 
1.46 ----- 

-0.49 
-.42 
-.33 
-.31 
.% 
.51 
,67 
.82 
.9l 
1.22 
1.31 
1.49 
1.44 
1.53 
1.46 
.84 

-0.44 
-.% - .26 
-.16 
.40 
.44 
.60 
.73 
.93 
1.09 
1.26 
1.26 
1.42 
1.44 
1.44 ____-  

-0.41 - .46 
-.39 
-.09 
.32 
.47 
.78 
.97 
1.26 
1.31 
1.49 
1.60 
1.49 
1.60 
1.42 ----- 

-0.40 
-.% - .22 
.36 
.87 
.80 
.71 
.77 

1.02 
1.15 
1.29 
1.44 
1.42 
1.40 
1.49 ----- 

-0.44 

1.11 
1.29 
1.40 
1.44 
1.49 
1.44 
1.37 

f Shaker direction 

W i n e  motion - station 0 

f Shaker direction 

Booster cross-section - station 120 

7.16 
.80 

-3.93 

11.68 
6.16 
-.% 

19.45 
6.16 
-2.89 

a.43 

2.09 
19.12 

11.50 
2.09 
-2.57 

2 3 . 9  
15 56 
1.91 

9.80 
3.19 1 
-1.59 
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TABLE XI11 

NORMALIZED FOURTB BWDING MODE SHAPE FOR BOOSPER 48 PERCENT FULL 

[Frequency, 60.0 cps; amplitude, 0.51G peak-to-peak at station $6) 

Damping at station 336: Force input: 
Shaker 1 at station 24, 18 vector lb When xo(C) = 0.539, g = 0.011 

When %,(GI = 0.96, g = 0.007 

(a) Main structurea 

7 

Station 

8 

Deflection 

~~ ~ 

-0.02 - .01 
.02 
.02 

- . o j  
-.03 
- .04 - .05 
- .07 
-.08 

.08 

.08 

.O9 
07 

----- 

----- 

Station 

~~ 

0.04 
-03 
.02 
.02 

- .02 
- . o j  
- . 03 

.04 

.05 

.07 

.og . 11 . 11 

- .02 ---- 

---- 

Deflection 

Station 

0 

20 
10 

Station 

Noormallzed deflections for engine - 
' 

1 2 J 4 5 6 7 8 

- .04 ---- - .01 ----- - . OJ ---- - .03 - .03 
.04 - .01 . 03 .04 .02 - .02 -03 .06 

-0.12 0.03 -0.05 -0.03 -0.09 0.04 -0.08 -0.09 

Deflection 

1.00 
.93 
* 92 
.88 
.80 
* 70 
.61 
.57 
.43 
.39 
.30 
.22 

- .14 
-.30 
-.33 
- .27 - .32 

-0.34 

- .27 
- .27 
- .21 
- .24 
- .25 
- .24 
-.2j 
-.JO 
-.33 
-.35 
- . 3 3  
-.39 - .J2 
-.33 
-.5 

- .32 
2x) 
215 
210 
207 
205 
200 
184 
180 
164 
163 
144 
145 
113 
84 
54 
35 
24 

-0.40 
- .41 
- .40 
.16 

-.33 - .23 
.10 
.21 
.19 
.13 
.11 
.06 

-.13 
-.08 
- .og 
.11 
.17 

%in structure includes third stage, second-stage outer shell, booster center lox tank, and barrel. 

(b) Booster outer tanks 

I 1 Station 

~~ 

1 

Normalized deflection for tank - 
6 2 

0.05 
.05 
.05 
.02 

-.06 
- .11 -.a 
- .05 - .OJ 
- .03 
-.os - .08 
- .og 

-13 
.14 
.14 

0.04 
.04 
.04 . 01 

-.06 
-.08 
-.08 
-.06 
-.04 
0 

.03 

.05 

.08 

.10 . 11 ---- 

33 

58 
68 
78 
88 
98 
108 
118 
128 
133 
148 
158 
168 
173 
176 

I 1 I 

t Shaker direction 
Engine motion - station o Booster cross section - station 100 

(c) Engines 
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TABU XIV 

Sta t ion  Def lec t ion  S ta t ion  Deflection S ta t ion  

386 1.00 295 0.16 184 
385 1.02 285 .oa 180 
375 .87 265 -.lo 176 
365 .78 255 - .15 164 
355 * 70 245 - .21  144 
346 .61 235 - .27 113 

3 35 .56 215 -.39 54 
325 .46 207 -.9 35 
315 .39 205 - .48 29 
306 27 194 - .55 24 
304 - 27 

341 .54 225 - . 3 3  84 

NORMALIZFD FIRST BENDING MODE SHAPE FOR BOOSPER 75 PERCENT FULL 

[Frequency, 12.1 cps; amplitude, 0.85G peak-to-peak a t  s t a t i o n  9 6 1  

Deflection 

-0.52 
- -46 
- .60 
- .43 
- .44 
- .35 
- .16 - 07 

. 31  
* 35 
.9 

Force input :  
Shaker 1 a t  s t a t i o n  24, 15 vector  l b  

2 

Damping a t  s t a t i o n  336: 
When &,(GI = 0.204, g = 0.02 

3 4 

0.44 
.27 
.10 

- .23 
- .41 
- .58 
- .76 
-.a6 

( b )  Booster ou te r  tanks 

0.42 0.46 
.28 19 
.w - .22 - . 30 

- .50 - .50 
- .6a - .65 
- .77 - .80 
- .84 - .83 

---- 

Sta t ion  

0 
10 
20 

1 

0.43 

0.62 0.72 0.81 0.90 0.65 0.59 0.87 1.01 - 50 .62 .78 .68 .54 * 56 .75 * 51 
.44 .44 * 50 .45 .44 .44 .53 .44 

. 3 j  
19 

- .12 
-.31 
-.53 
- .71 
- .87 

Normalized de f l ec t ion  f o r  tank - 

E 

0.43 
* 31 - 17 

- . 3 3  
-.54 
-.68 
-.84 

---- 

6 

0.40 
.20 

- 39 - .43 
- .58 
-.75 
- .87 

7 1 8  

0.42 
.26 
* 07 

-.22 
-.47 
- .60 

-.72 -.82 I 

0.45 
* 23 
* 05 - .29 

-.45 
-.59 
-.75 - .82 

t Shaker d i r e c t i o n  

Booster c ross  sec t ion  - s t a t i o n  120 

f Shaker d i r e c t i o n  

Engine motion - s t a t i o n  0 



TABLE xv 

NORMALIZED FIRST CLUSTER MODE SHAPE FOR BOOSTER 75 PERCENT FWLL 

[Frequency, 20.8 cps; amplitude, 0. 32G peak-to-peak a t  s t a t i o n  386) 

Force Input: Damping a t  s t a t i o n  207: 
Shaker 1 a t  s t a t i o n  24, 16 vector  lb When xo(G) = 0.13, g = 0.025 

When xo(G) = 0.05, g = 0.015 

(a )  Main s t ructurea 

Stat ion 

0 
10 
20 

_ _ _ _ _ ~  ~ 

Stat ion I -~ Deflection I Stat ion 

Normalized def lect ion f o r  engine - 

1 2 3 4 5 6 7 8 

-2.86 -2.86 -2.43 -3.81 -2.27 -3.38 -3.17 -2.91 
-2.06 -2.17 -2.06 -2.64 -2.27 -2.43 -2.33 -2.33 
-1.64 -1.53 -1.32 -1.69 -1.59 -1-59 -1.59 -1.59 

> 

386 
375 
365 
355 
346 
341 
335 
325 
315 
3 6  
304 

1.00 
.a3 
.76 
.63 
* 50 
.46 
.44 
.3r 
.26 
.12 
.10 

Deflection 

-0.10 
- .11 
- .23 
- .23 
- .24 
-.33 
- .37 - .41 
- .61 
- .49 
- .63 

Stat ion 

184 
180 
176 
164 
144 
113 
84 
54 
35 
29 
24 

Deflection 

-0.74 
- .44 
- .73 - .76 
-1.03 
-1.05 
-1.10 
-.79 - .70 
- .83 
- .95 

%lain s t ruc ture  includes t h i r d  s tage,  second-stage outer  she l l ,  booster  center  lox tank, and b a r r e l .  

(b) Booster outer tanks 

I Normalized def lect ion f o r  tank - 
Stat ion 

1 1 2 1 3  

-0.21 
.18 
.64 
.73 
.80 
.43 - .20 

- -27 

w t Shaker d i rec t ion  

4 

0.11 
.57 

1.29 
1.52 
1.30 

* 70 
.22 
.24 

5 I 6 1 7 l 8  

Lction 

Booster cross  sect ion - s t a t i o n  100 W i n e  notion - s t a t i o n  o 

( c )  Engines 
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TABLE mx 

NORMALIZED SECOND BENDING MODE SHAPE FOR BOOSTER 75 PERCENT FULL 

[Frequency, 36.9 cps; amplitude, 0 . 3 6 G  peak-to-peak at station 3 6 1  

Damping at station 207: 
Shaker 1 at station 24, 15 vector lb When xo(G) = 0.09, g J 0.039 

Force input: 

When %(G) = 0.026, g = 0.019 

Station 

9 
58 
78 
98 

118 
13 
158 
173 

(a) Main structurea 

Normalized deflection for tank - 

1 2 3 4 5 6 7 8 

-0.62 -0.57 -0.55 -0.22 -0.49 -0.66 -0.85 -0.73 - .46 - .44 - .51 -.14 -.53 - .52 - .73 - .53 ----- - .16 -1.09 ----_ -2.01 __--_ -.27 - .26 
* 29 * 31 .79 .20 2-53 * 37 .62 .35 
.53 .59 1.13 * 25 1.82 .64 1.08 .73 
71 a63 1.19 * 25 ----- 70 1.04 * 70 

*63 .60 90 * 15 .77 -56 1.01 .58 
.55 .55 .61 .16 .58 .48 - 72 .50 

~~ 

Station 

0 
10 
20 

9 6  
3 5  
375 
365 
355 
346 
91 
335 
325 
315 
H 

-3.41 1.27 2.91 1.27 -1.59 2.47 3.01 4.66 
-1.46 -.35 2 . 9  2.09 - .a9 2.23 2.49 5.54 
-.55 - .23 .% - .44 -.40 .26 .42 - .a3 

Deflection I Station 

1.00 
1.27 

.97 

.88 

.71 

.59 

.47 

.53 

.9 

.20 

.26 

282 
275 

255 
245 
235 
225 
215 
207 
205 
194 

265 

Deflection j - .44 .32 . 4 1  

51 
.16 

Station 

184 
180 
176 
164 
144 
113 

84 
54 
35 
29 
24 

Deflection 

0.20 
.25 
.53 
.41 
.55 
.61 
.29 

-.22 

- .52 
- .52 

- .47 

%lain structure includes third stage, second-stage outer shell, booster center lox tank, and barrel. 

t Shaker motion t Shaker motion 

Booster cross section - station 120 Engine motion - station 0 

(c) hgines 

I I Normalized deflection for engine - I 
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TABLE XVIII 

S ta t ion  Deflection Stat ion I 
1.00 164 

144 
9 6  

-59 341 
.49 113 

207 -35 84 
306 

180 .18 

NORMAZlIZED OUTER FUEL TANK MODE SHAPE FOR BOOSTER FULL 

[Frequency, 9.1 cps; amplitude, 0.08G peak-to-peak a t  s t a t i o n  3861 

Deflection 

0.39 
.61 

1.09 
1.76 

Force input:  
Shaker 1 at s t a t i o n  24, 21 vector l b  

1 5 

( b )  Booster ou te r  tanks 

-11.60 
-11.21 
-7.92 
-6.24 
-3.87 

- .52 

-1.67 
- .95 

Sta t ion  

-13.25 
-12.64 
-10.24 
-8.18 
-5.02 

-1.9 
-2.45 

------ 

Normalized de f l ec t ion  

9 
48 
58 
68 
78 
88 
98 

108 

1.28 
-1.13 

-7.96 
-9.66 

-11.60 
-11.98 
-11.78 

-4.00 

1.43 
-2.14 
-5.59 
-8 9 57 

-11.24 
-12.04 

-14.45 
-13.65 

Sta t ion  

118 
128 
138 
148 
158 
168 

I Normalized de f l ec t ion  
f o r  tank - 

t Shaker motion 

Booster cross  sect ion - s t a t i o n  100 

t Shaker motion 

Engine motion - s t a t i o n  0 

(no engines measured) 
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TABLE XIX 

Sta t ion  

295 
285 
275 
265 
255 
245 
235 
225 
215 
207 
205 
194 

NORMALIZED FIRST BENDING MODE SHAPE FOR BOOSTER FLLL 

[Frequency, 10.5 cps; amplitude, 1.2G peak-to-peak a t  s t a t i o n  961 

Deflection 

0.19 
.12 
.06 

- . o j  
- .05 

- .17 
- .23 
- .28 
- .29 
-.35 
- .47 

- .11 

Force input: 
Shaker 1 a t  s t a t i o n  24, 30 vector l b  

S ta t ion  

184 
180 
176 
164 
144 
113 
84 
54 
35 
29 
24 

( a )  Main s t ruc turea  

Deflection 

-0.44 
- .28 
- .53 
- .48 
- .44 
- .30 
- .06 
.22 
.42 
.48 
.51 

Damping a t  s t a t i o n  96: 
When xo(G) = 0.568, g = 0.033 
When xo(G) = 0.162, g = 0.025 

1 

Sta t ion  

2 3 4 5 6 7 8 

386 
9 5  
375 
365 
355 
346 
341 
335 
325 
315 
306 
304 

3 4 I 5 6 1 2 

Deflection 

7 8 

1.00 
.99 
.86 
.76 
.69 
.58 
.56 
.57 
.47 
.38 
.28 
.28 

0 
10 
20 

0.71 1.01 0.81 0.76 0.74 0.99 0.80 0.69 
.59 .62 .61 .58 .45 .65 .61 .48 - 51 * 52 * 52 .45 .38 .53 .50 .40 

aMain s t r u c t u r e  includes t h i r d  stage, second-stage outer  she l l ,  booster  cen ter  lox  tank, and bar re l .  

(b) Booster outer  tanks 

118 - .12 
- .26 
- .41 

173 -.51 

0.35 
.21 
.07 

- .13 
-.28 
-.39 
- .44 
- .49 

0.36 
.24 
.a 

- .13 
- .29 
- .39 
-.44 
-.53 

0.35 

---- 
- .17 
- .31 
- .42 
- .42 
- .46 

0 . 9  
.e9 

.og 
- .og - .24 
-.39 - .48 

.21 

0.37 
.21 

- .12 
-.30 
-.37 
-.43 
- .50 

---- 
- .15 - .15 
-.29 - .30 
- .39 - .39 
-.44 - .43 
- .47 - .47 

f Shaker motion t Shaker motion 
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TABLE XX 

NORMALIZED FIRST CLUSPER MODE SHAPE FOR BOOSTER FULL 

[Frequency 18.4 cps; amplitude, 0.15G peak-to-peak a t  s t a t i o n  3861 

335 
325 
315 
306 
304 

Force input :  
Shaker 1 at s t a t i o n  24, 15 vector  l b  

.44 

.34 

.25 

.14 

.12 

( a )  Main s t ruc turea  

r 
Normalized def lec t ion  for  engine - 

S t a t i o n  
1 2 3 4 5 6 7 a 

0 -0.84 -0.93 -0.64 -0.95 -0.71 -0.80 -0.69 -0-97 
10 -.66 -.69 -.53 - .84 -.62 - .71 -.58 -.78 
x) -.51 -.44 -.40 -.47 -.49 -.47 -.44 -.51 

Damping a t  s t a t i o n  144: 
When xo(G) = 0.149, g = 0.017 

Sta t ion  Deflection 

355 
.55 

341 .46 

Sta t ion  Deflect ion 

-0.10 
-.16 
- .23 
-.27 
-.36 
-.42 
-.48 
-.53 -.a 
-.63 
-.72 

S t  a t  ion 

184 
180 
176 
164 
144 
11 3 

84 
54 
35 
29 
24 

Deflect ion 

-0.77 
-.77 
-.78 
- .88 
- .98 
-1.08 
- .85 
- .53 
-.28 
- .33 
-.47 

%sin s t ruc ture  includes t h i r d  stage, second-stage outer  she l l ,  booster  center  lox  tank, and bar re l .  

(b) Booster ou ter  tanks 
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TABLE XXI 

NORMALIZED MODE SHAPE ASSOCIATED WITH TRIRD VEKICLE RESPONSE FOR BOOSTER FULL 

Frequency 24.0 cps; amplitude, 0.2X peak-to-peak a t  s t a t i o n  3863 

185 
180 
176 
164 
144 
113 

84 
54 
35 
29 
24 

Force input: 
Shaker 1 at s t a t i o n  24, 15 vector  lb 

-0.56 
-.45 
-.52 
-.40 
-.05 

.48 
* 65 
.05 
.a - .14 

- .36 

Damping a t  s t a t i o n  386: 
When xo(C) = 0.098, g = 0.014 

6 7 I 8 

1.00 
1.05 

.89 
a 7 7  
.67 
* 52 
.44 
.48 
.46 
.24 
.11 
.10 

1 1 2 

295 
285 
275 
265 
255 
245 
235 
225 
2 5  
m7 
205 
194 

3 4 

-0.04 

- .11 
- .07 

-.17 
-.13 
-.13 
-.22 
- .24 
--rl 
-.51 
- .35 
-.55 

0 
10 
20 

-2.87 -4.46 -3.18 -3.84 -4.35 -3.66 -3.08 -3.61 
-1.9 -2.60 -1.96 -2.14 -1.89 -1.58 -1.86 -2.00 
-1.02 -1.23 -1.09 -1.02 -1.05 -.95 -.98 -.9 

‘Main s t ruc tu re  includes t h i r d  stage, second-stage outer  she l l ,  booster center l o x  tank, and b a r r e l .  

( b )  Booster ou te r  tanks 

Normalized def lect ion for tank - I 

-.21 -.14 - .24 - .50 -.66 
-.59 -.69 -.66 
- .63 -.69 -.55 

5 

0.23 
-47 
63 

.55 
-52 - .44 

-.69 - .85 

0.20 
* 23 
.41  
* I 7  -.a 
-*j8 
-053 - .64 

0.18 

.24 
-.24 

- 32 

- .49 
-.61 
-.58 
- .50 

0.15 
23 
.18 

- .40 
- .55 - .61 
-.61 

---- 



TABLE XXTI 

NORMALIZED mlDE SHAPE ASSOCulTED WLTH FOUKPH VEBICLE RESPONSE FOR BOOSTER FULL 

Frequency, 30.6 cps; emplitude, 0.96C peak-to-peak at s ta t ion 3861 

Station I Deflection A Station 

Force input: 
Shaker 1 at  s ta t ion 2k, 15 vector l b  

Deflection n Station Deflection 

(a)  Main structurea 

I % I 

Damping at station 386: 
When xo(C) = 0.403, g = 0,010 

375 1 365 
355 
346 

1 

% 
375 
365 
355 
346 
$1 
335 
325 
315 
3 6  
304 
295 

2 3 4 I 5 6 7 8 

St  a t  ion Deflection Station 

255 -0.56 235 
250 -.62 230 
245 -.61 225 
240 -.61 2x1 

Deflection Station Deflection 

-0.64 215 -0.71 
-.63 210 -.79 
-.63 205 -.ea 
-.63 200 -.89 

$1 
335 
325 
315 
3 6  
304 
295 

1.00 
.81 
* 70 
.61 
.47 
.47 
.42 
.31 
.18 
.10 
.& 

-.oj 

2435 
275 
265 
250 
245 
240 
235 

220 

210 

200 
w 

2435 
275 
265 
250 
245 
240 

-0.04 
-.02 
-.@ 

* 13 
.I3 
.12 
.06 
.ll 
.15 
.18 
.16 - .40 

-.20 

194 
184 
180 
176 
164 
144 
113 
84 
54 
35 
29 
24 

-0.20 
-.14 
-.19 
- .07 
-.03 

.13 

.24 

.21 

.02 

- .22 
- .24 

- 2 9  

~~~ _____ 

%in structure includes third s twe,  second-stege outer shell, booster center lox tank, and barrel .  

(b) Booster outer tanks 

Station 

9 
58 
78 
98 

118 
1 9  
158 
173 

I Normalized deflection for tanks - 
1 2 

.12 

.04 - .06 

t s a k e r  direction t saker  direction 

Booster cross section - station 140 Engine motion - station 0 
( c )  Pgines  
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Model station, in. 

A 388.6 

Payload nose cone 

263.8 

195.9 

177.9 

37.9 

21.0 

0 

? 
I 
I 

Third-stage water ballast 
tank, 24-inch diameter 

Third -stage adapter structure 

Second -stage outer shell, 
44-inch diameter 

Second -stage water ballast 
tank, 22-inch diameter 

Second -stage adapter structure 
Spider beam 

Booster tanks, 52 inches 
overall diameter 

Corrugated barrel and 
outrigger structure 

Engines 

I Figure 1.- General configuration, dimensions, and nomenclature of 1/5-scale model of %:urn SA-1. 

, 
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661-  4079 
Figure 2.- The l />-sca le  Saturn model suspended i n  vibrat ion t e s t i n g  tower. 
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Water level, 
15 

IO 
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O/O full 23 4p 73 I (  
15XIO+ 1 r ' .OI441 

I 

O/O full 23 4p 73 I (  
I 0 - 3  1 r ' n1441 

I 

O/O full 23 4p 73 I (  
I 0 - 3  1 T 7 .OI441 

I I 
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I I I 
I I 1 
I I I 

I 
I 
I 
I 

I 

I I I 
I I I 

I 1 1  I I  I I  I 

20 

I O  

0 
30 

I 0 - 4  

3 

I 

1 I I I I I I 
70 90 I IO I30 I50 I70 I 90 50 

Model station, in. 

Figure 5.- Distribution of mass and bending stiffness of outer lox tank. 1/5-scale Saturn model; 
total length, 155.5 inches. 
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Model station, in. 
190 

F i g u r e  6.- D i s t r i b u t i o n  of  mass and bend ing  s t i f f n e s s  of  f u e l  t a n k .  l / 5 - s c a l e  S a t u r n  model; t o t a l  
l e n g t h ,  19.78 i n c h e s .  
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( a )  Outer-tank upper attachment joints. 

4 - 40 bolt 
two per joint 

Outrigger w 
(b)  Outer-tank lower attachment joints. 

Figure 10.- Sketch of outer-tank attachment joints. 
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r Adjustable roller 

Turnbuckle?, 
for leveling 

- Restraining 
cable 

-Support cable 

-Support yoke 

77 

-Support track 

Turnbuckle for 
roller spread - 

- 
// 

Figure 14.- Sketch of two-cable suspension system for 1/5-scale Saturn model. 
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D Accelerometers 
a- Direction of applied shaker force 

Section B - B  

0 0  0 
000 
00° 

Section A - A  

Accelerometer 207 

0- 

Typica I accelerometer 
attachment, stat ions 
262 to 386 

Figure 15.- Locations of fixed accelerometers on 1/5-scale Saturn model. 
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Undeflected position 
- - 0 - - Deflected posit ion 

Shaker direction 

F i g u r e  21.- C r o s s - s e c t i o n  mode shape  a t  s t a t i o n  210. Second bend ing  mode; f r equency ,  9 . 9  cps; 
b o o s t e r  t a n k s  48 p e r c e n t  ful l .  



r 
a 

c 

a 
a 
I 

C 
0 

0 
Q) 
v) 

.- + 

8 * 

% 
M 

0 
8 

c 
C 
0 .- 
c 

P 

o u  
S U  

In 

s 

0 
03 

0 

59 



r 
a 

7 
4 

I 
c 
c 

8 

? 3 
f 

60 



Second bending mode 

0 

Second cluster mode 

First cluster mode 

7 First bending mode 
0 0 h u 

1 I I I I I I I I I I 
0 20 40 60 80 100 

Booster water level, percent full 

Figure 24.- Variation Of resonant frequency with booster water l e v e l  for 1/5-scale Saturn model. 
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Distance from model 
center line, in. 

-I 1 0 Fixed pickup 
0 Movable pickup 

Data fairing of fig. 16 

0 J .2 - -30 ..2 -.I 
Normalized spider beam deflection 

(a) F i rs t  bending mode, 13.0 cps. 

Distme from model 
center line, in. 

4r 

0 : 
-2 

0 Fixed pickup 
Movable pickup 

- Data fairing of fig. 17 - -3 
-.4 -.2 0 .2 .4 

Nwnalized spider beam deflection 

(b)  F i rs t  cluster mode, 26.0 cps. 

Distonce from model 
center line, in. 

0 Fixed pickup 
* 0 Movable pickup rn - Data fairing of fig. 18 

- .4 0 4 
Nwnalized spider team deflection 

(c)  Second cluster mode, 9.0 cps. 

1 I I I I 1 

0 80 160 240 320 400 
Model station, in. 

Figure 28.- Mode shape showing deflections of the spider beam. 
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